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I review results related to the CKM angle ¢1(8). These results include recent measurements of C'P-violation from
the BaBar and Belle experiments in b — c¢s, b — céd and b — sqq processes.

1. Introduction

1.1. The B Physics Program

The B physics program addresses several funda-
mental questions. Is the irreducible phase in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix the
source of all C'P-violating phenomena in the B
system?! Or is CP-violation, the first manifesta-
tion of physics beyond the Standard Model? A re-
lated question is whether there are new C P-violating
phases from physics beyond the Standard Model .
The unitarity of the CKM matrix implies the ex-
istence of three measurable phases. In the convention
favored at KEK and Belle, these are denoted
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while at SLAC and at BaBar these angles are usually
referred to as 3, a and ~y, respectively.

As first noted by Bigi, Carter and Sanda,? there
are large measurable C P-asymmetries in the decays
of neutral B mesons to C P-eigenstates. In the decay
chain Y(4S5) — B°B® — fcp fiag, where one of the
B mesons decays at time tcp to a final state fop and
the other decays at time ;.5 to a final state fi., that
distinguishes between B? and B, the decay rate has
a time dependence given by
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where 7o is the B lifetime, Amg is the mass dif-
ference between the two BY mass eigenstates, At =
top — tiag, and the b-flavor charge ¢ = +1 (—1) when
the tagging B meson is a B® (B®). The C P-violation

parameters S and A are given by
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where ) is a complex parameter that depends on
both the BYB° mixing and on the amplitudes for B°
and B to decay to fop. To a good approximation,
the SM predicts § = —¢ sin 2¢1, where £y = +1(—1)
corresponds to C'P-even (-odd) final states. Direct
CP-violation, A = 0 (or equivalently |A| = 1), is
expected for both b — cés and b — sSs transitions.

1.2. Accelerators and Detectors

The B-factory accelerators, PEPII* and KEKB®
were commissioned with remarkable speed starting
in late 1998. The experiments, BaBar® and Belle,’
started physics data taking in 1999. In the summer
of 2001, the two experiments announced the obser-
vation of the first statistically significant signals for
C P-violation outside of the kaon system 89

Due to the extraordinary performance of the two
accelerators, the most recent results reported in the
summer of 2003 at the Lepton-Photon Symposium
are based on very large data samples. BaBar has in-
tegrated 113 fb~! on the T (4S5) resonance while Belle
has integrated a sample of 140 fb~!. KEK-B also
passed a critical milestone for ete™ storage rings and
achieved a peak luminosity above 1 x 103* cm™2s7 1.

1.3. The Principle of the Measurement

The measurement of time-dependent C' P-asymmetry
requires:

e A large sample of T(4S) decays into B° BY pairs.
To boost the YT(4S5) decay frame so that the
B mesons’ flight length can be measured with
solid-state vertex detector technology, both the
KEKB and PEP-II accelerators use asymmetric
energy beams with energies of 8.0 and 3.5 GeV
or 9.0 and 3.1 GeV, respectively.
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Figure 1. The fully reconstructed C P-eigenstate sample used
by Belle. This sample is obtained from a data sample with an
integrated luminosity of 140 fb—1.

o Efficient reconstruction of B — XzK° de-
cays. This implies accurate measurements of
momenta and energies of neutrals using CsI(T1)
crystal calorimeters in addition to good charged
particle tracking in small cell drift chambers and
efficient identification of leptons and K2 as well
as K9 mesons.

e A measurement of At. This is related to the
measurement of Az, the spatial distance be-
tween the decay vertices and achieved at both
experiments by using double-sided silicon strip
detectors situated at small radii close to the in-
teraction point.

e A determination of the flavor of the accompa-
nying B (“tagging”); this is based on the iden-
tification of electrons, muons and charged kaons
and the measurement of their charge.

More detailed descriptions of the detectors®”

and the experimental analysis procedure are avail-

able elsewhere.1?

2. Status of CP-Violation in b — ccs
Processes

Belle and BaBar reconstruct B° decays to the fol-
lowing b — c¢s C P-eigenstates: J/¥Kg, ¥(25)Kg,
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Figure 2. The p}, (B momentum in the CM frame) distribu-
tion for the B — J/9 K, sample used by Belle. This sample
is obtained from a data sample with an integrated luminosity
of 140 fb—1. The shaded portions show the contributions of
different background components. The vertical dashed lines
indicate the signal region.

Xe1Kg, n.Kg for £ = —1 and J/YKp for & =
+1.M The two classes (y = +1) should have CP-
asymmetries that are opposite in sign.

Both experiments also use BY — J/yK*Y decays
where K*0 — Kgn®. Here the final state is a mixture
of even and odd C'P. The CP content can, however,
be determined from an angular analysis of other ¢ K*
decays. The CP-odd fraction is found to be small
(i.e. (19+4)% ((16 = 3.5)%) in the Belle (BaBar)
analysis).

The most recent BaBar analysis is based on a
data sample with an integrated luminosity of 81 fb~1
and was first presented in 2002.° There is a corre-
sponding published Belle result also shown in 2002
with 78 fb~18 At this Symposium, Belle provided a
new preliminary result for their 140 fb~! sample.'?

The data sample used for the recent Belle mea-
surement is shown in Fig. 1 and Fig. 2. Table 1
lists the numbers of candidates, Nev, and the esti-
mated signal purity for each fop mode. It is clear
that the C P-eigenstate samples that are used for the
C P-violation measurements in b — c¢s are large and
clean.

In the summer of 2001, the first statistically sig-
nificant measurements of the C' P-violating parame-
ter sin 2¢; were reported by Belle and BaBar. Belle



Table 1. The yields from Belle for reconstructed B — fop
candidates after flavor tagging and vertex reconstruction, Nev,
and the estimated signal purity, p, in the signal region for each
fop mode. J/i mesons are reconstructed in J/¢ — ptpu~
or eTe™ decays. Candidate Kg mesons are reconstructed in
Kg — 7t~ decays unless otherwise written explicitly.

Mode gf NEV p
JWKS -1 1997  0.976 + 0.001
J/Y K (x070) -1 288 0.82 +0.02
P(25)(ete)KY -1 145  0.93 £0.01
Y(28)(J/yprtrT)KY -1 163 0.88 £0.01
Xe1 (J/Py) K -1 101 0.92 +0.01
ne(KYK~n)KY -1 123 0.72 £0.03
ne(K+K-m0)K§ -1 74 0.70 +0.04
ne(pP) K2 -1 20  0.91 £0.02
All with £ = —1 -1 2911  0.933 £ 0.002
J/Y KO (K%x0) +1(81%) 174 0.93 £0.01
J/YK?Y +1 2332 0.60 +0.03
found
sin 2¢1 = 0.99 +0.14 + 0.06 (5)

while BaBar obtained
sin 2¢; = 0.59 +0.14 £ 0.05. (6)

The results were based on data samples of compara-
ble size (31 million and 32 million BB pairs, respec-
tively).

The new Belle data are shown in Fig. 3. This
figure shows the At distributions where a clear shift
between B? and B° tags is visible as well as the
raw asymmetry plots in two bins of the flavor tag-
ging quality variable r. For low-quality tags (0 <
r < 0.5), which have a large background dilution,
only a modest asymmetry is visble while in the sub-
sample with high quality tags (0.5 < r < 1.0), a very
clear asymmetry with a sine-like time modulation
is present. The final results are extracted from an
unbinned maximum-likelihood fit to the At distribu-
tions that takes into account resolution, mistagging
and background dilution. The new Belle result with
140 fb=! (152 million BB pairs) is

sin 2¢; = 0.733 % 0.057 & 0.028. (7)

The new Belle result may be compared to the
BaBar result with 78 fb=! of

sin 2¢; = 0.741 £+ 0.067 £ 0.03. (8)

Both experiments are now in very good agree-
ment. A new world average can be calculated from
these results,

sin 2¢; = 0.736 % 0.049. (9)
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Figure 3. Belle data from 2003: (a) At distributions for B°
and B° tags (b) raw asymmetry for low-quality tags and (c)
raw asymmetry for high-quality tags. The smooth curves are
projections of the unbinned likelihood fit.

This world average can be interpreted as a constraint
on the CKM angle ¢;. This constraint can be com-
pared to the indirect determinations on the unitarity
triangle.!® This comparison is shown in Fig. 4 and is
consistent with the hypothesis that the Kobayashi-
Maskawa phase is the source of C'P-violation.

The measurement of sin(2¢;) in b — ¢¢s modes,
although still statistically limited, is becoming a pre-
cision measurement. The systematics are small and
well-understood. Recently, BaBar physicists discov-
ered a new small source of systematic uncertainty
due to C'P-violation in b — cud decays on the tag-
ging side.!4

The presence of an asymmetry with a cosine
dependence (JA\| # 1) would indicate direct CP-
violation. In order to test for this possibility in
b — ccs modes, Belle also performed a fit with
acp = —&;ImA/|\| and |)| as free parameters, keep-
ing everything else the same. They obtain

|A| = 1.007 + 0.041(stat) (10)
acp = 0.733 £ 0.057(stat),
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Figure 4. Indirect constraints on the angles of the CKM tri-
angle compared to the most recent direct measurements of ¢1
from Belle and BaBar. The theoretical uncertainties in the
indirect constraints are conservatively estimated by the CKM
fitter group.

for all the b — cés CP modes combined. This re-
sult is consistent with the assumption used in their
primary analysis.

3. Studies of C P-Violation in b — ccd
Processes

Neutral B decays to C' P-eigenstates that proceed by
b — céd processes are expected to have the same C P-
violation as b — ccs since both are sensitive to the
phase of B — B mixing. A small deviation from this
expectation is possible because of the contribution of
b — d penguin diagrams (a.k.a. “penguin pollution”)
in the decay modes that are examined. Penguin pol-
lution may also give rise to direct C' P-violation and a
C P-violating term with a cos(AmgyAt) dependence.

The b — céd decay modes that have been used
so far for C'P-violation studies are B — D*tD*~,
B — D**D~, and B — J/y7n?1°718 The effect of
penguin pollution might be expected to be the largest
in B — J/yn° because the penguin contribution is
not color-suppressed in that mode.

For B — 47", with 81 fb~! BaBar has a signal
of 40 4+ 7 events'® and finds

sin 261075 (B — ¢7°) = 0.05 +0.45 £0.16.  (11)

The corresponding result from Belle is based on 140
fb~! and uses 89 & 10 events.'® They obtain

sin 201077 (B — ¢7r¥) = 0.727037 £0.08.  (12)

In both cases, the systematic error includes the pos-
sibility of C'P-violation in a small component of the
background that peaks under the signal.

The b — céd mode B — D*TD*~ has a vector-
vector final state and requires special treatment since
it includes contributions from both C'P-even and odd
components. To extract the C'P-odd fraction, one
fits the angular distribution in the transversity basis.
The result from BaBar based on a sample with 156 4
14 signal events is,

R =0.063 £ 0.055 £ 0.009, (13)

where the quantity R, is the fraction of the CP-
odd component. The measurement indicates that
B° — D*TD*~ is mostly CP-even.

The time distributions from BaBar for B —
D** D*~ are shown in Fig. 5. BaBar finds

sin 2610 (B — D*TD*7) = —0.05 + 0.29 + 0.10,

(14)
which is about 2.50 from the result in b — ¢¢s modes.
This may be a statistical fluctuation or could be an
indication that the Standard Model b — d penguin
contribution is large. The fit includes the possibility
of direct C' P-violation. The parameter X is found to
be 0.75 4+ 0.19 £ 0.02, which is consistent with unity,
as expected for no direct C' P-violation.

Since B® — D**D~ and its charge conju-
gate are not CP-eigenstates, a modified treatment
is required. There are four rather than two CP-
violating observables that are determined from a
time-dependent fit to the different D*D charge
states.

BaBar finds,
Sy_ =-0.824+0.75+0.14, (15)
S_+=-0.244+0.69+0.12, (16)
A, =+0474+0.404+0.12, (17)
A_y =+0.224+0.37 £ 0.10. (18)

In the limit of no penguins and assuming factor-
ization in these hadronic decays, S_; = S;_ =
—sin2¢, and A, = A_, = 0. The above results
for CPV in B — D*D decays are consistent with
this limit.
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Figure 5. BaBar results on CP-violation in B — D*TD*~,
The top two figures show the At distributions for B® and B°
tags. The third plot shows the raw time asymmetry distribu-
tion.

Observation of the CP-eigenstate mode B —
Dt D~ was reported by Belle at this conference.
With 140 fb~!, the 50 signal contains 24.3 £ 6.0
events. In the future, this mode can also be used for
time-dependent measurements of CPV in b — ced
processes.

The results of C'P-violation measurements for
b — ccd decays are summarized in Fig. 6. The mea-
surements are not yet precise enough to definitively
demonstrate the presence of penguin pollution.

4. Status of C' P-Violation in b — sqq
Penguin Processes

In addition to the program of measuring the other
remaining angles of the unitarity triangle that is dis-
cussed in the contribution by Jawahery,'” there is
also the question of whether there are additional C' P-
violating phases from new interactions or physics be-
yond the Standard Model. At the moment, such new
phases are poorly constrained.

One way to attack this question is to mea-
sure the time-dependent C' P-asymmetry in penguin-
dominated modes such as BY — gng, BY — 77/ Kg
or B® — K2%r% where heavy new particles may con-
tribute inside the loop, and compare it to the asym-
metry in B® — J/¢K?2 and related b — c¢s charmo-
nium modes.
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Figure 6. Summary plot of results on C' P-violation in b — ced
modes.
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Figure 7. Beam constrained mass and AFE distributions for
B — Kg,ﬂ'o from BaBar.

The mode B — Kgn° proceeds through a b —
sdd transition. The BaBar data on B — ngo are
shown in Fig. 7. To be useful for time-dependent
CPYV studies at least one of charged pions from the
Kg must be detected in the BaBar silicon vertex
detector?® There are 123 & 16 events of this type
that are then used to obtain

sin2¢1c77(B — Kan®) = 0481092 £ 0.11.  (19)

The time distributions are shown in Fig. 8. The di-
rect C'P-violation parameter is A = —0.4010 35 +
0.102° When A is fixed to zero, the value of S =
sin(2¢1.77) shifts slightly to 0.4170:3% + 0.11. The
results for B — Kgm¥ are consistent with the value
from the b — ¢€s modes, sin2¢; = 0.736 £ 0.049.
The mode B — 1’ K3 is expected to include con-
tributions from b — stu and b — sdd penguin pro-
cesses. The beam constrained mass distribution for
the B — 7/ Kg sample used by Belle is shown in
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Figure 8. BaBar data on B — Kgﬂ'o. The top two figures
show the At distributions for B® and B tags, separately.
The third plot shows the raw time asymmetry distribution.

Fig. 9 and contains 244 + 21 signal events.2! Belle
finds (Fig. 10),

sin2¢1c7(B — n'Kg) = 0.43 £0.27 £0.05 (20)
The BaBar data is shown in Fig. 11. They obtain,
sin2¢.p (B — n'K2) =0.02+£0.34 £0.03  (21)

The average of these two results for B — n/K$ is
about 2.20 from the b — cés measurement, which is
the Standard Model expectation.
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Figure 9. Beam constrained mass distributions for B — n’ Kg
(left) and B — K+ K~ KY (right).

The decay mode B — K+ K~ K, where K™K~
combinations consistent with the ¢ have been re-
moved, is found by Belle to be dominately C'P-odd??
and thus can be treated as a CP-eigenstate and
used for studies of time-dependent C P-violation in
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Figure 10. Belle data for the raw asymmetry in B? — n’Kg.
The upper plot shows the data for low-quality tags while the
lower plot shows the higher quality tags. The dashed curves
are the expectations from the Standard Model.

b — sqq processes. The beam constrained mass dis-
tribution for the B — K+K_Kg sample used by
Belle is shown in Fig. 9. There are 199 4 18 signal
events. Belle obtains,

sin2¢1cpp(B — KTK™KY) = 0.51+£0.26+0.05150%,
(22)

where the third error is due to the uncertainty in
the C'P content of this final state?? The results for
B — KTK~KY are also consistent with b — cés
decays. However, in this decay there is also the pos-
sibility of “tree-pollution”, the contribution of the
b — wuus tree amplitude that may complicate the
interpretation of the results.?3

The BY — ¢K2 decay, which is dominated by
the b — s§s transition, is an especially unambiguous
and sensitive probe of new C'P-violating phases from
physics beyond the SM.24 The SM predicts that mea-
surements of C'P-violation in this mode should yield
sin 2¢1 to a very good approximation.?®23 A signifi-
cant deviation in the time-dependent C' P-asymmetry
in this mode from what is observed in b — c¢s decays
would be evidence for a new CP-violating phase.

The B — qSKg sample used by BaBar is shown
in Fig. 12. The signal, obtained from a sample with
an integrated luminosity of 110 fb~!, contains 7049
events2? The time distributions for the BaBar data
are shown in Fig. 13. They obtain

sin2¢105 (B — ¢K9) = 0.45 +0.43 £0.07.  (23)
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Figure 12. Beam constrained mass distributions for B — qﬁKg
from BaBar (left) and Belle(right).

This value is consistent with the Standard Model
expectation, but is somewhat different from the
value obtained with the 81 fb~! sample, which was
sin2¢1err = —0.18 £0.51 £ 0.09. The new result in-
cludes more data and a reprocessing of the old data
sample. After extensive checks with data and Toy
Monte Carlo studies, the large change in the central
value is attributed to a lo statistical fluctuation.26
The B — ¢K g sample used by Belle is shown in
the right panel of Fig. 12. The selection criteria are
described in detail elsewhere 2”28 The signal contains
68 £ 11 events. Figure 15 shows the raw asymme-
tries from Belle in two regions of the flavor-tagging
parameter . While the numbers of events in the two
regions are similar, the effective tagging efficiency is
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Figure 13. BaBar time difference and asymmetry data dis-
tributions in B — qng. The top two figures show the At
distributions for B% and B° tags, separately. The third plot
shows the raw time asymmetry distribution.

20 0 0, 20 0 0,
18EB” - ¢K's Q¢ =-1 18FB" - ¢K's Q¢ =-1
16 < 16 <
14 0.0<r=<0.5 14 05<r<1.0
12 12
10 10
o 8 o 8
Q 6 Q6
w4 w4
a2 . a2
< 55 o T3 . : < 55 ; : RN
$ 18 Q&= +1 $ 18 qg = +1
£ 16 £ 16
14 14
w1 ) w1
10 a 10
8 N 8
6 + / 6
4 ! . 4
2 LA, 2t e
75 &5 25 0 25 5 15 %75 5 =25 0 25 5 15
At (ps) At (ps)

Figure 14. Belle data: (left) At distributions for low-quality
tags and (right) for high-quality tags. The dashed curves show
the background contributions.

much larger and the background dilution is smaller
in the region 0.5 < r < 1.0. The solid curves show
the results of the unbinned maximum-likelihood fit
to the At distribution.

The observed CP-asymmetry for B® — qSKg in
the region 0.5 < r < 1.0 (Fig. 15 (lower panel)) indi-
cates the difference from the SM expectation (dashed
curve). Note that these projections onto the At axis
do not take into account event-by-event information
(such as the signal fraction, the wrong tag fraction
and the vertex resolution) that is used in the un-
binned maximum likelihood fit.

The contamination of KTK~KY events in the
dKY sample (7.2 £+ 1.7%) is small. Finally, back-
grounds from the B® — f;(980) K2 decay, which has
the opposite C P-eigenvalue to ¢ K9, are found to be
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Figure 15. Belle data for the raw asymmetry in B® — ¢K?.
The upper plot shows the data for low-quality tags while the
lower plot shows the higher quality tags. The dashed line is
the expectation from the Standard Model.

small (1.67]:2%). The influence of these backgrounds
is treated as a source of systematic uncertainty.

Belle obtains

sin2¢1.57(B — ¢K2) = —0.96 £ 057097 (24)
from their likelihood fit to the d)Kg data. The like-
lihood function is parabolic and well-behaved. An
evaluation of the significance of the result using the
Feldman-Cousins method and allowing for system-
atic uncertainties shows that this result deviates by
3.50 from the Standard Model expectation.?®

The Belle group performed a number of val-
idation checks for their B — ¢K2 CP-violation
result. Fits to the same samples with the di-
rect C'P-violation parameter A fixed at zero yield
sin2¢1epp = —0.99 £ 0.50(stat) for BY — ¢K2. As
a consistency check for the S term, the same fit pro-
cedure is applied to the charged B meson decays
BT — ¢K™T. The result is S = —0.09 + 0.26(stat),
A = 40.18 £ 0.20(stat) for Bt — ¢K™* decay. The
results for the S term is consistent with no CP-
asymmetry, as expected. The asymmetry distribu-
tion is shown in Fig. 16. In addition, the ¢K?2 side-
band has been examined as shown in Fig. 16. No
asymmetry is found in that sample.
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Figure 16. Belle data: consistency checks of the B — d)Kg
analysis. The asymmetries in (a) the BE — ¢K* sample and
(b) the B — ¢ K sideband sample.
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Figure 17. Summary plot of results on sin 2¢1 and sin2¢1cy
in b — cés and b — sqq modes.

5. Conclusion

Belle presented a new measurement of time-
dependent C'P-violation in b — cés C P-eigenstates.
This result and previous results from BaBar are in
good agreement with each other and with the hy-
pothesis that the Kobayashi-Maskawa phase is the
source of C' P-violation.

Studies of C'P-violation in b — céd modes are
progressing. In B — D*TD*~ decays, BaBar ob-
serves a 2.5¢ hint for penguin pollution. More data
and measurements are needed to clarify whether pen-
guin pollution is present in this class of decays.

In B — ¢K3 decays there was a surprise. With
140 fb~! Belle observed a 3.50 deviation from the
Standard Model expectation. This could be an in-
dication of new physics from heavy particles in the



b — s5 penguin loop. However, BaBar’s value moved
closer to the Standard Model with the addition of
new data and reprocessing. More precise measure-
ments of the other b — sqq modes can further con-
strain phases from new physics. For example, new
physics may contribute differently to pseudoscalar-
vector and pseudoscalar-pseudoscalar modes.?

The results of CP-violation measurements for
b — sqq penguin decays are summarized in Fig. 17.
The world average for all b — s penguin decays
(shown by the dotted line) appears to be displaced
from the average for b — c¢s modes. The high en-
ergy physics community will require that this exper-
imental issue be resolved conclusively in the future.
This will require large data samples with integrated
luminosities of at least 1 ab=! or 1000 fb—!.
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DISCUSSION

Stefan Spanier (University of Tennessee):

1) Unfortunately, the plenary session gives the
audience only a limited chance to help you to es-
tablish the results by asking detailed questions.

2) Knowing the previous value of S = —0.74+0.6
from Belle, the newly added statistics must lead
to an unphysical value of S < —1.4 leading typi-
cally to large correlations in S and C (pathologi-
cal behavior) in this new sample. How probable
is the value in the new sample?

3) How strong is the C' P-asymmetry in the back-
ground?

Tom Browder:

1) A special breakout session is planned later in
the Symposium.

2) For a true value near S = —1, the values
in the new sample are quite consistent with
Toy Monte Carlo studies. There is no statisti-
cally pathological behaviour in either old or new
data samples. The observed errors are actually
slightly larger than expected.

3) The background from B — fyK2 and
B — KtK~KY decays is small and the CP-
asymmetry from these backgrounds is included
in the systematic error.

Alex Kagan (Cincinnati): Can you show the raw
BaBar data for S(¢KY) again?

Tom Browder: Yes. Note that a figure with this
data was included in the talk and appears in
the Proceedings.

Hitoshi Murayama (Berkeley): On the ¢KY
mode, the change in the BaBar result was at-
tributed to a statistical fluctuation. They have
added only 40% more data. How is that possi-
ble? Do you have a breakdown of the asymme-
try between the previous and new data samples?

Tom Browder: Not only was more data added, but
the old BaBar data sample was also reprocessed.
After reprocessing, a small number of events
changed from B° tags to B tags (or vice versa).
This accounts for the shift in the central value.



